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Topological textures [1] in liquid crystals (LCs) share interesting phenomenological and math-
ematical similarities [2–4] with defect structures in superconducting quantum matter. Although
recent experimental progress enables precise control over localization and dynamics of nematic
LC defects [5–8], their practical potential for information storage and processing has yet to be
explored. Here, we introduce the concept of nematic bits (nbits) by exploiting a quaternionic
mapping [9, 10] from LC defects to the Bloch sphere [11]. Through theory and simulations, we
demonstrate how single-nbit operations can be implemented using electric fields, in close analogy
with Pauli, Hadamard and other common quantum gates. Furthermore, we show that two-nbit en-
sembles can exhibit Bell-like correlations [12] and nematic discord, reminiscent of the corresponding
quantum phenomena [13]. More broadly, these results open a new route towards the implementation
of non-classical computation strategies in topological soft matter systems.
Bits are the fundamental units of binary digital com-
putation and information storage. Similar to an ide-
alized universal Turing machine [14], classical comput-
ers represent bits as two discrete voltage states, com-
monly labeled 0 and 1. Accordingly, electronic digital
circuits process information by manipulating determin-
istic bit sequences · · 01011 · · with the help of logic
gates. Notwithstanding the historical success of clas-
sical bit-based computation, it has long been known
that many practically relevant problems [15–17] could
be solved more efficiently by performing computations
in larger non-discrete state spaces. The most famous
example are quantum computers [18, 19], which oper-
ate on continuous Bloch spheres [20] constructed from
complex superpositions of elementary qubit [21] states
|0〉 and |1〉. Unlike classical bit sequences, quantum
states can simultaneously carry complementary informa-
tion [22], thus enabling substantially faster search [15]
and factoring [17] algorithms. Recent experiments have
successfully implemented qubits using atomic spin states,
polarized photons, superconducting circuits or quantum
dots [19]. Despite such breakthroughs, building scalable
quantum computers still poses substantial technological
challenges [20, 23]. In parallel, several other promising
information processing strategies in hard and soft mat-
ter devices are currently being explored, including DNA-
based computation [24], analog-computing in cells [25],
chemical computers [26], or holonomic computation [27]
in non-Abelian mechanical [28] systems.
Here, we introduce a different approach towards en-
coding and manipulating continuous bits of information,
by building on similarities [2–4] in the mathematical de-
scriptions of quantum states and nematic liquid crys-
tals (LCs). Guided by ideas from quantum comput-
ing, we first demonstrate how one can construct topo-
logical nematic bits (nbits) that may be transformed in
analogy with Pauli, Hadamard and other typical single-
qubit gates [22]. Subsequently, we will discuss how
an ensemble of interacting nbit-pairs can realize ne-
matic Bell-like states [12] that exhibit both classical and
quantum-like correlations depending on the applied mea-
surement protocol. We further show that mixed two-nbit
states can have non-zero nematic discord, providing a
resource for non-classical computing similar to quantum
discord [13], and present a nematic analog of the Deutsch
algorithm [16]. Since recent experiments have demon-
strated precise control over positioning [5], physical en-
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FIG. 1: Nematic bits (nbits) pinned to a liquid crystal
defect line. The local nematic director field n(r), indicated
by cylindrical bars, rotates by pi along closed curves encircling
the defect line (black). The director field is colored by its
out-of-plane component, nz(r), while xy-planes are colored
by the director’s azimuthal orientation nφ(r) relative to the
x-axis. The near-field director profile (red) close to the defect
line defines the nbit state (see also SI Fig. S1). The vertical
direction may be interpreted as either a spatial or a time
dimension.
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FIG. 2: Single-nbit transformations. a, The director profile n0(r), describing a +1/2-defect aligned with the positive
x-direction, defines the nbit state |0). Arbitrary single-nbit states |η) are obtained from |0) through simultaneous local director
rotations, corresponding to near-field profiles n(r) = ηn0(r)η
† with η given by Eq. (1); see also Movies 1 and 2. Each nbit |η)
has a distinguished normal axis λΩ, λ ∈ R, spanned by an axial unit-vector Ω perpendicular to the director field, Ω ·n(r) = 0;
we choose Ω to point along the positive z-direction for |0). Top: Example sequence showing how nbit |0) can be continuously
transformed to the nbit ei5pi/6|1) corresponding to a −1/2-defect profile. To this end, |0) is first homogeneously rotated around
the axis m = (cos(α + pi/2), sin(α + pi/2), 0) by an angle β, yielding an intermediate nbit having a rotated normal Ω with
spherical polar coordinates (α, β). Subsequent director rotation around Ω = (α, β) by an angle γ results in the arbitrary
single-nbit state |η) = |α, β, γ). In the depicted example sequence, the second intermediate state is |η) = | − 2pi/3, pi/4, pi/3).
Performing an additional rotation around m by pi − β leads to the −1/2-defect nbit ei5pi/6|1); for comparison, the nbit |1)
corresponds to a −1/2-defect aligned with the x-axis. Bottom: On the nematic order-parameter unit sphere, an nbit director
field n traces out a great semi-circle (thick green curves) from n(φ = 0) to n(φ = 2pi), which lies in a plane perpendicular to
Ω. b, Four distinct nbits with Ω pointing in the direction of z, −z, x, and −y, respectively. The symbol ' indicates nbit states
with identical near-field director profile but different global topology (see SI Fig. S2).
tanglement [6] and dynamics [8] of nematic LC textures,
the theoretical concepts developed below can be imple-
mented and tested with presently available technology.
Defining and transforming single nbit states
Nematic LCs are assemblies of aligned rod-like
molecules. By imposing suitable boundary anchor-
ing conditions [5, 6] or external electric fields [8], the
molecules’ global orientational order can be locally bro-
ken at singular defect points in 2D or lines in 3D [29]
(Figs. 1 and S1). Such topological defects [4, 30] present
particularly promising candidates for robust information
storage due to their inherent protection against thermal
and other perturbations. To define an nbit, we consider
an elementary +1/2 defect in the (z = 0)-plane of a
3D nematic LC, as shown in Fig. 2a top/left. In this
configuration, the defect center-line passes through the
coordinate origin, all the molecule directors lie on the
same plane (with normal Ω along the z-axis), and the
symmetry axis of the texture is aligned with the x-axis.
We refer to this configuration as reference nbit state |0)
throughout and denote the associated director profile as
n0(r), where r is the in-plane distance vector from de-
fect line (Fig. S1). Keeping the defect location fixed,
arbitrary nbit states |η) correspond to rotated director
profiles n(r), obtained from |0) by turning each director
n0(r) individually by the same angle θ about a common
axis spanned by the unit vector a = (ax, ay, az). To high-
light parallels between nbits and qubits, we express these
local director rotations in terms of quaternions [9, 10]
η = 1 cos
θ
2
+ i (axσx + ayσy + azσz) sin
θ
2
(1)
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FIG. 3: Transforming nbits with electric fields. An initial nbit state in the plane z = 0 can be transformed into an
arbitrary target nbit at z = L by applying a suitable electric field protocol E(z) that adjusts the orientation of the director
normal vector Ω along z and realizes the global phase angle γ in Eq. (4) by choosing an appropriate electric field path. a, The
nbit phase γ corresponds to a Berry phase and can be changed by moving Ω around a closed path. By parallel transport, the
change in γ is equal to the area enclosed by the path. b, Two example protocols E(z), corresponding to distinct Paths 1 and
2, used in simulations of Eq. (5). Both paths go from the same initial field Einitial(z = 0) to the same final field Efinal(z = L),
but result in a different final phase γ. c-d, Angles α, β, γ measured along z in simulations of Eq. (5) for the two protocols E(z)
from (b), starting with reference nbit |0) at z = 0. (c) For Path 1, α1 rapidly jumps to its stationary value, while β1 grows
linearly with z and γ1 remains constant. (d) For Path 2, α2 and β2 approach similar final values as for Path 1, but γ2 reaches
a substantially larger final value close to the area of pi/3 enclosed by both paths. e, Simulated director configurations for the
two electric field protocols from (b-d). Both protocols lead to final nbit states having the same normal vector Ω, which is
determined only by the final electric field orientation at z = L. However, the final director profiles differ through a γ2-rotation
around Ω. Any final nbit state |η) can be realized using this strategy.
where σx, σy and σz correspond to the Pauli matrices.
The director profiles of the nbits |η) and |0) are then
linked by quaternion product n(r) = ηn0(r) η
†. Since
each quaternion of the form (1) has an SU(2) matrix
representation
(
c1 −c¯2
c2 c¯1
)
with |c1|2 + |c2|2 = 1, we can
identify |η) with the first column of the SU(2) matrix
corresponding to η.
To obtain a geometrically intuitive, equivalent repre-
sentation of the spinor |η), it is convenient to decompose
rotations of the reference nbit |0) into two steps (Fig. 2a):
First, the director field n0 of |0) is rotated around the
axis m = (cos(α + pi/2), sin(α + pi/2), 0) by an angle β,
yielding an intermediate nbit having a rotated normal
Ω with spherical polar coordinates (α, β); thereafter, the
directors are rotated around the new normal Ω by an an-
gle γ. This gives the following geometric representation
of an nbit
|η) = |α, β, γ) = ei γ2
(
cos β2
e−iα sin β2
)
, (2)
where the global phase γ corresponds to a Berry phase
(Fig. 3a). As evident from Eq. (2), nbits for which γ dif-
fers by pi, 2pi or 3pi exhibit the same local director profile
in the vicinity of the defect line (Fig. 2b). However, such
locally equivalent configurations can be distinguished by
their global topology, as demonstrated in Movies 1 and
2 and Fig. S2.
Moreover, Eq. (2) makes explicit that the two basis
states
|0) =
(
1
0
)
, |1) =
(
0
1
)
(3)
correspond to x-axis aligned +1/2 and −1/2 defects, re-
spectively (Fig. 2b). Thus, an arbitrary nbit |η) can be
expressed as a normalized complex linear combination of
these two elementary defect states:
|η) = c1|0)+c2|1) = ei
γ
2
[
cos
β
2
|0) + e−iα sin β
2
|1)
]
, (4)
with the complex vector superposition encoding physical
director rotations. In particular, the above construction
shows that single-nbit states are mathematically equiva-
lent to single-qubit states.
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FIG. 4: Single-nbit logic gates and projection operator. Typical quantum logic gates (first column) acting on single-nbit
states can be realized by rotating an applied electric field. The second column shows the electric field path required to realize
logic operations on the |0) bit. Columns 3 and 4 depict initial and final director configurations for logic gates applied to |0) or
|1) nbits, respectively. a-c, Nematic Pauli gates perform a rotation by pi around the x, y or z axis, respectively. Pauli-X and
Pauli-Y gates transform |0) and |1) into each other (up to a global phase). The Pauli-Z gate adds a phase pi/2 to |0) and a
phase −pi/2 to |1). d, The Hadamard gate rotates an nbit by pi around the xˆ+ zˆ axis, transforming |0) and |1) into tangential
twist defect profiles. e, The
√
X gate performs a pi/2 rotation around the x axis, transforming |0) and |1) into radial twist
defect profiles. f, The phase shift gate
√
Rφ induces a rotation by φ around the z axis, preserving the angle β of an nbit.
The action of
√
Rφ on the director fields of |0) and |1) is equivalent to a rigid rotation around the z axis by 2φ and 2φ/3,
respectively. g, PEˆ projects the director normal Ω onto the axis of a sufficiently strong (Appendix) electric field Eˆ by rotating
the nbit around Ω×E, where the rotation angle δ = sign(Ω · Eˆ)acos(sign(Ω · Eˆ)Ω · Eˆ) corresponds to the angle between Ω and
the electric field axis. For a projective measurement along the z-direction, nbits with Ω pointing into the northern or southern
hemispheres become projected onto the |0) or |1) subspaces, respectively.
5Controlling nbits with electric fields
The ability to access and manipulate individual nbits
is essential for the experimental implementation of ne-
matic LC computers. To demonstrate a practically feasi-
ble protocol, we generalize recent advances in the electro-
nematoelastic transformation of LC defects [31, 32].
Starting from the field equations of liquid crystal hy-
drodynamics, one can show (Appendix) that the adia-
batic relaxation dynamics of an nbit-quarternion (1) in
a slowly varying, sufficiently strong electric (Appendix)
field E = Exσx + Eyσy + Ezσz is determined by the
matrix evolution equation
dη
dt
=
K
Γ
d2η
dz2
− a
4Γ
Tr
(
ησzη
†E
)
Eησz − λη, (5)
where K is the elastic constant of the nematic director
field, Γ denotes the rotational diffusion constant, and a
is the dielectric anisotropy. The Lagrange multiplier λ
preserves the SU(2) structure of η. In the remainder, we
shall focus on LCs with negative dielectric anisotropy,
a < 0, such as N-(4-Methoxybenzylidene)-4-butylaniline
(MBBA) [33]; analogous control strategies can be devised
for materials with a > 0.
For LCs with a < 0, Eq. (5) implies that the director
normal axis Ω of an nbit prefers to align with the electric
field E. This means that one can program the polar coor-
dinates (α, β) of |η) through the instantaneous direction
of E. Additionally, the global Berry phase γ of an nbit
can be set by moving Ω around a closed path (Fig. 3a).
Suitably designed spatial (or temporal) electric field pro-
tocols can thus be used to transform an initial nbit into
any desired target nbit (Fig. 3). Figures 3b-e show two
example protocols E(z) that transform nbit |0), which
is localized in the plane z = 0, into distinct target nbits
at z = L. The two protocols connect the same initial
final field values, E(z = 0) and E(z = L), via two differ-
ent paths 1 and 2 (Fig. 3b), so that the final nbit states
have similar normal coordinates (α, β) but differ in their
global phase angles γ (Fig. 3c,d). The corresponding nbit
director fields, computed numerically (Methods) from the
stationary solutions of Eq. (5) along both paths, can be
seen in Fig. 3e. Importantly, the same electric control
strategy can be used to implement nematic logic gates.
Nematic logic gates and projective measurements
Since, according to Eq. (4), single-nbit states |η) are
equivalent to elementary qubits, one can implement di-
rect nematic analogues of many standard quantum logic
gates [34] by applying suitable electric field profiles. Fig-
ure 4 summarizes realizations of commonly used gates,
showing the electric field protocols required to transform
|0) and also the final nbit states when logic operations
are performed on |0) or |1), respectively. Specifically,
we demonstrate the actions of the three nematic Pauli
gates (Fig. 4a–c), the Hadamard gate (Fig. 4d),
√
X gate
(Fig. 4e) and the phase shift gate (Fig. 4f). As a general
practical rule, the initial electric field of the gate needs to
be aligned with the normal axis Ω of the nbit |η) to which
the gate operation is applied. Experimentally, the deter-
mination of Ω can be done optically and non-invasively
in LC materials [35], in contrast to quantum systems.
Another interesting class of operations, corresponding
to projective measurements, can be realized by apply-
ing electric fields with a fixed direction. For example,
by fixing the field vector E in Eq. (5) parallel to the z-
direction, all nbits with Ω pointing into the norther hemi-
sphere become projected onto the |0) subspace, whereas
all nbits with Ω in the southern hemisphere become pro-
jected onto the |1) subspace (Fig. 4g). These single-nbit
operations provide a basis for implementing non-classical
computations. In particular, as we show in the Appendix,
the Hadamard gates can be used to realize a nematic ana-
log of the Deutsch algorithm (Fig. S3).
Two-nbit states
The above framework can be generalized to systems
with two and more interacting nbits. To construct their
mathematical description, we consider configurations of
two nearby defects in the xy-plane (Fig. 5a and Figs. S4,
S5). The defects represent nbits |η1) and |η2), respec-
tively, and we can describe their joint state by the tensor
product |η1) ⊗ |η2). Analogous to the single-nbit case
above, a (+1/2,−1/2) defect pair aligned with the x-
axis defines the reference state eipi/4|0)⊗ |1) ≡ eipi/4|01),
where the global phase factor reflects the rotation of the
−1/2 defect (Fig. 5a, left). Arbitrary two-nbit product
states can be realized by rotating the local director fields
around each defect, with the individual phases γ1 and
γ2 determining the global two-nbit phase γ = γ1 + γ2.
For example, by rotating the directors of each of the
two nbits in the reference state eipi/4|0) ⊗ |1) by an
angle pi around the y-axis, corresponding the action
of the Pauli-Y gate (Fig. 4b), one obtains the state
−eipi/4|1)⊗ |0) ≡ −eipi/4|10) shown in the second panel
of Fig. 5a.
Armed with these nbit product states, we can con-
struct two-nbit ensembles that mimic certain statistical
aspects of two-qubit states. A general two-qubit state
can be written in the form [22]
|ψ〉 = √p00eiγ00 |00〉+√p01eiγ01 |01〉+√
p10e
iγ10 |10〉+√p11eiγ11 |11〉 (6)
where |ij〉 = |i〉 ⊗ |j〉, i, j ∈ {0, 1} are the prod-
uct basis states. Each such quantum state |ψ〉 can
be mapped to a point on the seven-dimensional unit
sphere S7, parameterized here by four phases γij and the
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FIG. 5: Two-nbit states and Bell-type correlations. A two-nbit product state |η1η2) = |η1)⊗ |η2) is a topological defect
pair, with the local director field structure around the defects 1 and 2 defining the single-nbits |η1) and |η2), respectively. a, The
two-nbit states eipi/4|01) and −eipi/4|10) are free-energy minima, whereas eipi/4|00) and eipi/4|11) exhibit an umbilic soliton [29]
at the center. b, Representative examples of energetically equivalent (Fig. S6) two-nbit states with the director far-field parallel
to the y direction, selected from the ensemble manifold Ψ− of anti-parallel nbit states with Ω1 = −Ω2. Ensembles of two-nbit
states can exhibit non-vanishing nematic discord (Appendix). c, A global projective measurement, performed by applying a z-
aligned electric field, Eˆ||zˆ, that projects both Ω1 and Ω2 along the z direction (Fig. 4g), collapses each two-nbit state in the Ψ−
ensemble to a ±1/2-defect pair. d, The choice of the local measurement procedure determines the observed nbit correlations,
defined as the ensemble average 〈sign(Ω1 · vˆ1) · sign(Ω2 · vˆ2)〉Ψ− where vˆ1 and vˆ2 are the local measurement vectors applied to
nbit 1 and 2, respectively. Non-invasive measurements produce the classically expected piecewise linear correlation dependence
on the relative angle between vˆ1 and vˆ2 (blue). By contrast, projective measurements performed by successively applying local
electric fields with orientations Eˆ1 = vˆ1 and Eˆ2 = vˆ2 to the nbits can result in stronger-than-classical correlations, provided
the time delay between the two measurements is sufficiently long to allow for nematoelastic relaxation (orange).
quantum-mechanical probabilities pij ≥ 0, which satisfy-
ing
∑1
i,j=0 pij = 1. From our above construction of ne-
matic product states, we see that the two-nbit analogues
of quantum states eiγij |ij〉 are given by eiγij |i)⊗|j), cor-
responding to pairs of suitably rotated topological defects
(Fig. 5a,b). In the remainder, we will discuss how ensem-
bles of two-nbit states with suitably chosen probabilities
pij can exhibit stronger-than-classical correlations, which
are facilitated by nematoelastic interactions of the direc-
tor fields.
Nematoelastic entanglement
Similar to entanglement in quantum systems, nema-
toelastic interactions may provide a resource for non-
classical computation. For example, when the defects
1 and 2 forming a two-nbit state are embedded into a ho-
mogeneous director far-field, their energetic equilibrium
configurations correspond to director profiles in which the
local normal vectors Ω1 and Ω2 are perfectly antialigned,
Ω1 = −Ω2 (Fig. 5b). Moreover, the common axis of Ω1
and Ω2 can point into an arbitrary direction, defining
an ensemble Ψ− of energetically degenerate states if the
nematic material can be appropriately described by a sin-
7gle dominant elastic constant K (Fig. 5b). This leads to
an effective nematoelastic entanglement: if one nbit is
slowly rotated, the other nbit will adiabatically follow to
ensure that Ω1 = −Ω2. Similarly, by enforcing a um-
bilic soliton [29] in the system (Fig. 5a), one can realize
an ensemble Ψ+ of two-nbit states with Ω1 = Ω2. This
nematoelastic coupling of the nbit orientations can lead
to Bell-type correlations when projective measurements
are performed on individual nbits.
Non-invasive vs. projective measurements
A key difference between quantum and classical sys-
tems is that entanglement can lead to non-classical cor-
relations, which are utilized by quantum algorithms [22,
36, 37]. A famous example are the spin correlations in
the maximally entangled two-qubit Bell-state [12, 34]
|Ψ−〉 = 1√
2
(|0〉 ⊗ |1〉 − |1〉 ⊗ |0〉) . (7)
If the state of the first qubit in |Ψ−〉 is measured along
some direction vˆ1 and that of the second qubit along
vˆ2, then the observed correlations are known to be
stronger than for optimized classical ‘local realist’ [34]
imitations (Fig. 5d). While typical qubit measurements
are generally projective, nbit systems allow for both
non-invasive and projective measurements (Figs. 4g and
5c). Depending on the experimental protocol, this may
lead to classical or stronger-than-classical correlations,
as we now demonstrate for the Ψ− ensemble, consisting
of two-nbits states with Ω2 = −Ω1 where Ω1 is uni-
formly distributed on the two-dimensional unit sphere
(Fig. 5b). Non-invasive state-of-the-art optical tech-
niques [35] can measure the defect textures in LC mate-
rials without perturbing them. In this case, the analyt-
ically calculated ensemble-averaged correlation function
〈sign(Ω1 · vˆ1) · sign(Ω2 · vˆ2)〉Ψ− exhibits the classically
expected linear dependence on the angle between vˆ1 and
vˆ2 (blue curve in Fig. 5d). By contrast, projective mea-
surements can lead to substantially stronger correlations
due to the nematoelastic coupling between the nbits. Ap-
plying a global electric field along the z-axis projects the
nbits of a Ψ− configuration onto pair of ±1/2 defects,
corresponding to states locally equivalent to eipi/4|01) or
−eipi/4|10) (Fig. 5c). Similarly, a global projection along
x transforms Ψ− configurations into states that are pro-
portional to tensor products of |+) ≡ [|0) + |1)] /√2 and
|−) ≡ [|0)− |1)] /√2. Particularly interesting correla-
tions due to nematoelastic interactions arise when two
local projective measurements along different axes are
performed successively on the two nbits. To see this, let
us assume that nbit 1 of a Ψ− configuration is first pro-
jected along vˆ1 by a local electric field with orientation
Eˆ1 = vˆ1. After the measurement, Ω1 will point along
+vˆ1 or −vˆ1 and, given sufficient time, the nematoelas-
tic interactions will reorient the axis of the second nbit
until Ω2 = −Ω1 is reached. Thus, subjecting the reori-
ented nbit 2 to a second projective measurement along
Eˆ2 = vˆ2 yields the strongest possible correlation (orange
curve in Fig. 5d). Stronger-than-classical intermediate
correlations can be realized by decreasing the time de-
lay between the projection measurements relative to the
nematoelastic relaxation time scale. From a practical
perspective, this means that nbits can allow for a tuning
between classical and non-classical computation schemes,
with nematoelastic interactions playing a role similar to
quantum correlations.
Conclusions
Recent theoretical [1, 29, 38] and experimental [5–8]
advances enable unprecedented control over topological
structures in nematic LCs. Our above analysis pro-
vides a conceptual framework for storing and process-
ing information in nematic textures. Similar to the de-
velopment of quantum computation over the last three
decades [16, 17], the next challenge is to identify classes
of problems that can be efficiently solved with algorithms
that utilize the gate operations (Fig. 4) and nematoelas-
tic entanglement (Fig. 5). The mathematical parallels
between nbit and qubit systems will offer helpful guid-
ance in this context. A particularly interesting question,
both from a mathematical and practical perspective, is
whether it is possible to construct nematic analogues of
the S7 Hopf fibration that completely encodes the entan-
glement of two-qubit states [29, 39]. More generally, how-
ever, the nematic realizations of the Deutsch algorithm
(Fig. S3) and discord (Appendix) suggest that nbits can
provide a fruitful new paradigm for non-classical compu-
tation.
Methods
Characterization of nbit defect profiles. A starting
point for creation of nbit state is a reference |0) defect profile
n0 = (cosφ/2, sinφ/2, 0) , (8)
where φ is the azimuthal position on the xy-plane. n0 is
transformed according to n(r) = ηn0η
† and Eq. (1) into a
general nbit configuration:
n(φ) = − sin
(
φ
2
+ γ − α
)
m+
cos
(
φ
2
+ γ − α
)
(cosβt×m+ sinβt) ,
where m = (cos(α + pi/2), sin(α + pi/2), 0) =
n (φ = 2α− 2γ + pi) corresponds to the director orien-
tation at a point where it lies in the xy-plane, and t is a
8defect line tangent that is in the paper always aligned along z-
axis.
Simulation methods. Stationary solutions of Eq. (5) were
found numerically by finite difference approach on a cubic
space-time mesh. In Fig. 3, a value a|E|2L2/(4K) = 400 is
used and boundary conditions of η = 1 at z = 0 and dη/dz =
0 at z = L are applied.
Nematic fields in Figs. 5a,b were obtained by numerical
minimization of the free energy with density of
f =
A
2
QijQji +
B
3
QijQjkQki +
C
4
(QijQji)
2 +
L
2
∂Qij
∂xk
∂Qij
∂xk
,
(9)
where Q is the nematic tensor order parameter, L is nematic
tensorial elastic constant, and xk the k-th spatial coordinate.
Adopting the same values of the phase parameters A,B,C
as in Ref. [6], the free energy minimum is found using a
gradient descent method on a rectangular grid. Two defects
were pinned by locally decreasing the degree of order.
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Nbit solutions for nematic defects
Stationary solutions for the director field n of a nematic liquid crystal correspond to minima of the free energy
with density [33]
f =
K
2
(∇n)2 − a
2
(n ·E)2 , (10)
where K denotes the elastic constant of the director field deformations, a is the anisotropy of the dielectric tensor,
and E is the electric field. Out of equilibrium, the director field n is driven towards a free energy minimum by a
‘molecular field’ h = −δf/δn, yielding the relaxation dynamics
Γn˙ = h− λn = K∇2n− a (n ·E)E − λn, (11)
where Γ is the rotational diffusion constant (also known as γ1 in the literature) and λ is a Lagrange multiplier that
preserves the normalization |n| = 1.
The nematic director field can contain singularities in form of defect lines, often appearing in half-integer form, in
which case the director field rotates by an angle of pi when circumnavigating a defect line. To obtain a director field
solution close to a half-integer defect line, the Laplace operator is written in cylindrical coordinates. Then, in close
proximity to the defect line, the molecular field reduces in leading order to
h ≈ K
r2
(
∂2nx
∂φ2
eˆx +
∂2ny
∂φ2
eˆy +
∂2nz
∂φ2
eˆz
)
, (12)
where r is a radial distance from the defect line and φ is the azimuthal angle. For small enough r, the nematic is
locally in equilibrium given by the condition n× h = 0, which is solved by the nbit form of the director field [10]
n(φ) = − sin
(
φ
2
+ γ − α
)
m+ cos
(
φ
2
+ γ − α
)
(cosβt×m+ sinβt) . (13)
Here, t is the defect line tangent which we take in the z direction, m = (cos(α + pi/2), sin(α + pi/2), 0), and α, β,
and γ are arbitrary angles defining the nbit state; the domain of validity of this nbit solution is also discussed in
Supplementary Figure S1. As φ is increased from 0 to 2pi, the director field traces half of a great circle on a unit
sphere as shown in Fig. 2a of the Main Text. In this work, we use quaternionic rotations of a reference director field
defect profile to describe a whole range of solutions given by Eq. (13) and to construct a spinor description of nbits.
Nbit dynamical equation
The time evolution equation for nbit solutions can be derived from hydrodynamic models of nematic liquid crystals.
Our derivation below is based on the Lagrangian formalism for the nematic free energy functional and the Rayleigh
dissipation function D, analogous to the derivations of dynamical equations for the ±1/2 defect motions [33] and
flow-alignment [40, 41] in nematics.
Dissipation function
The Rayleigh dissipation function for slow director field deformations that generate only negligible velocity fields
reads
D =
Γ
2
(
dn
dt
)2
. (14)
We want to express the dissipation function in the Pauli algebra using the Pauli matrices
σx =
(
0 1
1 0
)
, σy =
(
0 i
−i 0
)
, σz =
(
1 0
0 −1
)
. (15)
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Writing the director field in the Pauli algebra as
n = nxσx + nyσy + nzσz,
the dissipation function can be expressed as
D =
Γ
4
Tr
(
dn
dt
dn
dt
)
. (16)
For the director field around a defect line, we take the nbit ansatz
n = ηn0η
†, (17)
where η determines the quaternionic rotation of the reference profile
n0 = cos
φ
2
σx + sin
φ
2
σy. (18)
Using Eq. (17), the dissipation function can be rewritten as
D =
Γ
4
Tr
{
d
dt
[
η
(
σx cos
φ
2
+ σy sin
φ
2
)
η†
]
d
dt
[
η
(
σx cos
φ
2
+ σy sin
φ
2
)
η†
]}
. (19)
Note that η can in principle depend on both the radial distance r and the z component, but η has no angular
dependence. To obtain the dynamics of η, we integrate the dissipation function over the azimuthal angle φ:
Dφ =
∫ 2pi
0
dφ D
=
pi
4
Γ Tr
(
dη
dt
σxη
† dη
dt
σxη
† + 4
dη
dt
dη†
dt
+ ησx
dη†
dt
ησx
dη†
dt
+
dη
dt
σyη
† dη
dt
σyη
† + ησy
dη†
dt
ησy
dη†
dt
)
,
(20)
where we have used the cyclic property of the trace and the fact that ηη† = 1. We will also need the derivatives of
the dissipation function with respect to dη/dt and dη†/dt:(
∂Dφ
∂ (dη/dt)
)ᵀ
=
pi
2
Γ
[
2
dη†
dt
− Tr
(
η†
dη
dt
σz
)
σzη
†
]
, (21)(
∂Dφ
∂ (dη†/dt)
)ᵀ
=
pi
2
Γ
[
2
dη
dt
− Tr
(
dη†
dt
ησz
)
ησz
]
=
(
∂Dφ
∂ (dη/dt)
)∗
, (22)
where we used the identity (
dη
dt
)†
=
dη†
dt
(23)
and the fact that, for an arbitrary Pauli vector p = pxσx + pyσy + pzσz,
σxpσx + σypσy = −Tr (pσz)σz. (24)
Furthermore, one finds from Eqs. (21) and (22) that
dη
dt
=
1
piΓ
{(
∂Dφ
∂ (dη†/dt)
)ᵀ
− 1
4
Tr
[(
∂Dφ
∂ (dη†/dt)
)ᵀ
σzη
†
]
ησz
}
. (25)
The derivation of Eq. (25) uses the identity
Tr
[(
∂Dφ
∂ (dη†/dt)
)ᵀ
σzη
†
]
= −Tr
[(
∂Dφ
∂ (dη/dt)
)ᵀ
ησz
]
which follows from Eqs. (21) and (22).
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Elastic free energy
The elastic free energy in Eq. (10) can be decomposed into derivatives w.r.t. r, φ, and z. Derivatives w.r.t. φ
describe the elastic penalty for a defect director field compared to a homogeneous director field and do not affect the
nbit dynamics. Terms including the z derivatives in the elastic free energy contribution fzel ∝ (∂n/∂z)2 can be written
as
fzel =
K
4
Tr
(
∂n
∂z
∂n
∂z
)
. (26)
Following the same procedure as for Eq. (16), fzel can be integrated over φ and expressed as
fzelφ =
pi
4
K Tr
(
∂η
∂z
σxη
† ∂η
∂z
σxη
† + 4
∂η
∂z
∂η†
∂z
+ ησx
∂η†
∂z
ησx
∂η†
∂z
+
∂η
∂z
σyη
† ∂η
∂z
σyη
† + ησy
∂η†
∂z
ησy
∂η†
∂z
)
(27)
We will further need (
∂fzelφ
∂ (∂η†/∂z)
)ᵀ
=
pi
2
K
(
2
∂η
∂z
+ ησx
∂η†
∂z
ησx + ησy
∂η†
∂z
ησy
)
. (28)
Differentiating w.r.t. z, considering Eq. (24) and the fact that
Tr
(
∂η†
∂z
∂η
∂z
σz
)
= 0,
we obtain
d
dz
(
∂fzelφ
∂ (∂η†/∂z)
)ᵀ
=
pi
2
K
[
2
∂2η
∂z2
− Tr
(
∂2η†
∂z2
ησz
)
ησz − Tr
(
∂η†
∂z
ησz
)
∂η
∂z
σz
]
, (29)
which can be rewritten in the form
d
dz
(
∂fzelφ
∂ (∂η†/∂z)
)ᵀ
− 1
4
Tr
[
d
dz
(
∂fzelφ
∂ (∂η†/∂z)
)ᵀ
σzη
†
]
ησz = piK
∂2η
∂z2
− piK
2
Tr
(
∂η†
∂z
ησz
)
∂η
∂z
σz. (30)
The same derivation can be repeated for the radial nbit dependence, yielding
d
dr
(
∂fzelφ
∂ (∂η†/∂r)
)ᵀ
− 1
4
Tr
[
d
dr
(
∂fzelφ
∂ (∂η†/∂r)
)ᵀ
σzη
†
]
ησz = piK
∂2η
∂r2
− piK
2
Tr
(
∂η†
∂r
ησz
)
∂η
∂r
σz. (31)
Electric field
The electric field contribution to the free energy in Eq. (10) can be written as
fE = −a
8
[Tr (nE)]
2
= −a
8
[
Tr
(
ηn0η
†E
)]2
, (32)
where the dielectric anisotropy a is defined by a = εaε0 [33]. In close proximity to the defect line, the director field
remains well described by the nbit ansatz [Eq. (13)]; however, different nbit states can have different free energy due
to the electric field contribution. Using the reference profile from Eq. (18) and integrating over azimuthal angle φ, we
obtain
fEφ = −pi
8
a
{[
Tr
(
ησxη
†E
)]2
+
[
Tr
(
ησyη
†E
)]2}
(33)
= −pi
8
a
{
|E|2 − [Tr (ησzη†E)]2} . (34)
The derivative of the electric free energy density w.r.t. η† is given by(
∂fEφ
∂η†
)ᵀ
=
pi
4
a Tr
(
ησzη
†E
)
Eησz. (35)
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Final form of the dynamical equation
The Euler-Lagrange equation for the nbit dynamics reads
∂Dφ
∂ (dη†/dt)
+
δfφ
δη†
+ ληᵀ = 0, (36)
where the Lagrange multiplier λ preserves the SU(2) structure of η and
δfφ
δη†
=
∂fφ
∂η†
− d
dr
∂fφ
∂ (∂η†/∂r)
− d
dz
∂fφ
∂ (∂η†/∂z)
. (37)
Inserting Eqs. (25), (30), (31), and (35) into Eq. (36), we obtain
dη
dt
=
K
Γ
(
∂2η
∂r2
+
∂2η
∂z2
)
− K
2Γ
Tr
(
∂η†
∂z
ησz
)
∂η
∂z
σz − K
2Γ
Tr
(
∂η†
∂z
ησz
)
∂η
∂z
σz
− a
4Γ
Tr
(
Eησzη
†)Eησz − λ
piΓ
η,
(38)
The Lagrange multiplier
λ =
1
2
Tr
[(
δfφ
δη†
)ᵀ
η†
]
(39)
ensures that
Tr
[(
dη
dt
)
η†
]
= 0
and can be explicitly written as
λ =
1
2
Tr
{
K
Γ
(
∂2η
∂r2
+
∂2η
∂z2
)
− K
2Γ
Tr
(
∂η†
∂z
ησz
)
∂η
∂z
σz − K
2Γ
Tr
(
∂η†
∂z
ησz
)
∂η
∂z
σz − a
4Γ
Tr
(
Eησzη
†)Eησz} . (40)
Equation (38) governs the time dynamics of an nbit, with each term having an obvious physical meaning: The first
term describes the elastic response due to nbit gradients in the radial and vertical direction. The expression ησzη
†
appearing in the electric field term of Eq. (38) is equal the director normal vector Ω that describes the nbit orientation
on a unit sphere. The term Tr
(
Eησzη
†) is proportional to Ω ·E. After the Lagrange multiplier is applied, the term
Eησzη
† is proportional to Ω×E. For the case a < 0 considered in this paper, the electric field aims to align Ω along
E with the speed of alignment proportional to |a sin (2φ) |, where φ is the angle between Ω and E.
The term
− K
2Γ
Tr
(
∂η†
∂z
ησz
)
∂η
∂z
σz (41)
can be interpreted by writing the nbit derivative w.r.t. z as ∂η/∂z = iaη, where a is a non-normalised vector around
which the local rotation of the nbit is performed. We obtain
−K
2Γ
Tr
(
∂η†
∂z
ησz
)
∂η
∂z
σz = −K
2Γ
Tr
(
aησzη
†)aησz
which has the same structure as the electric field term in the second line of (38). However, for a < 0 the sign of
the term (41) is opposite to the sign of the electric field term and thus aims to align Ω perpendicular to the rotation
vector a. The same interpretation can be made for the associated term with the radial derivative.
The discussion in the Main Text focusses on the regime of relatively strong electric fields with
a|E|2L2
K
 1,
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where L is the system size; in this case, the term (41) becomes dominated by the electric field term in Eq. (38).
Indeed, for the parameters in the Main Text, our numerical simulation of Eq. (38) confirm that the term (41) can be
neglected. Therefore, radially constant single-nbit solutions are governed by
dη
dt
=
K
Γ
∂2η
∂z2
− a
4Γ
Tr
(
Eησzη
†)Eησz − λ˜η, λ˜ = λ
piΓ
(42)
which corresponds to Eq. (5) of the Main Text (with tildes dropped).
The dynamics of other observables, such as Ω = ησzη
†, follows from Eq. (38). Finally, we also note that the nbit
dynamics can be also generalized to include effects of weak anisotropy of elastic deformation modes, weak chirality,
magnetic fields, and defect line curvature.
Nematic discord and density matrix
We describe a system of mixed two-nbit states with a given joint probability density p(η1, η2) using a density matrix
ρ =
∫
dΩ1
∫
dΩ2 p(η1, η2) |η1)A|η2)B(η2|B(η1|A, (43)
where (x| = |x)†. The integration is performed over the Bloch spheres of both nbits, dΩ1 = dα1dβ1 sinβ1 and
dΩ2 = dα2dβ2 sinβ2.
The expression for the density matrix simplifies substantially for two-nbit states chosen randomly from the Ψ−
manifold defined by Ω1 = −Ω2. By assuming that the orientation of the joint axis of Ω1 and Ω2 is uniformly
distributed on a sphere and taking into account that the phase angles γ1 and γ2 cancel out in Eq. (43), one finds for
the density matrix
ρΨ− =
1
4

2
3 0 0 0
0 43 − 23 0
0 − 23 43 0
0 0 0 23
 . (44)
In non-classical physics, quantum discord Q is defined as a difference between mutual information I between two
sub-systems and measurement-induced mutual information C [42]
Q(ρ) := I(ρ)− C(ρ), (45)
where the state of the system is given by the density matrix ρ. Adopting the standard definition (45) of discord, which
can be computed directly from a given density matrix [42], one finds that the nematic discord N of the uniform Ψ−
ensemble is given by N (ρΨ−) := Q(ρΨ−) ≈ 0.13. This number can be interpreted as a measure for the discord between
the mutual informations stored in nbit-pairs depending on whether projective or non-projective measurements are
applied.
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Supplementary figures
R
r0
r1
r2
Supplementary Figure S1: Non-equilibrium director field around two half-integer nematic defect lines. The nbit solution (13)
is valid in close proximity to the defect (r0  R). The director profile deviates from the nbit profile as one moves radially away
from the defect line; however, at small distances from the defect line (r ∼ r1), the director field is still close to an nbit form.
By contrast, at larger distances (r ∼ r2), the director field profile has to be computed from the full complete time-dependent
director field dynamics [Eq. (11)].
15
z
y
x
z
y
x
z
y
x
z
y
x
a b
c d
Supplementary Figure S2: Four locally equivalent configurations of the |0) nbit profile. The configurations are obtained by
rotating the inner director field (red rods) around the z-axis while the reference director field (outer blue rods) remains fixed.
For all four solutions, the inner red director field is the same, but the intermediate director field between red and blue regions
is distinctively different and cannot be smoothly transformed from one configuration to another provided that inner and outer
director field are kept fixed. The degree of rotation of the inner red director field equals (a) 0, (b) pi, (c) 2pi, and (d) 3pi. A
4pi-rotation can be smoothly transformed into |0) nbit profile, as demonstrated in Supplementary Movie 2.
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Supplementary Figure S3: Nematic analog of the Deutsch algorithm. The figure shows a typical setup of the algorithm, which
does not require entangled states and therefore can be realized with nbits. The algorithm takes nbit |X) in the |x) = |0)
configuration which is then transformed with a Hadamard gate into the [|0) + |1)] /√2 state. The nbit |Y ) is kept in the
[|0)− |1)] /√2 configuration. Next, a black box ‘f-controlled-NOT’ two-nbit function is applied that maps a two-nbit state
into |x)|y) f−→ |x)|y ⊕ f(x)), where ‘⊕’ represents the addition with modulo 2 [43]. The goal of the algorithm is to determine
with a single measurement if the Boolean function f is balanced [f(0) differs from f(1)] or constant [f(0) = f(1)]. After the
f-controlled-NOT two-nbit gate is applied, nbit |X) is again transformed with a Hadamard gate. Finally, if the resulting nbit
|X) is equivalent to the |0) state then f is constant; otherwise, if nbit |X) is equivalent to the |1) state, then f is balanced.
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x
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Supplementary Figure S4: Four product basis states with a global phase (top row) and without a global phase (bottom row),
embedded in a director far field along y direction. Only the states eipi/4|01) and −eipi/4|10) correspond to minima of the free
energy. See also Fig. S5.
x
y
Supplementary Figure S5: Alternative realization of the two-nbit states eipi/4|00) and eipi/4|11) without an umbilic soliton.
Compared to Fig. S5a, the umbilic has been moved towards infinity along the y axis.
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Supplementary Figure S6: Energetic equivalence of two-nbit states in the Ψ− ensemble. We show the free energy relaxation
for 3 states from the Ψ− ensemble manifold that are also shown in Fig. 5b in the Main Text. The initial condition in the left
and right half of the simulation plane corresponds to the director ansatz [Eq. (13)] for the left and right defect, respectively.
Simulation was performed for periodic boundary conditions, using gradient descent as explained in Methods. Not only have
the states equal final free energy, but they also follow the same relaxation curve. The same dependency is obtained for states
from the Ψ− ensemble manifold that have a far director field in an arbitrary direction.
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Supplementary Movie 1: Creation and manipulation of the −|0) nbit. During the first stage of the protocol, the −|0) nbit is
created by rotating the red director field (at the smallest radius shown) by 360◦ around z-axis, relative to the blue director field
(at maximum radius) that is kept fixed in the reference configuration. The angle of rotation changes linearly with decreasing
radius. Once the 360◦ rotation has been completed, both red and blue director fields are kept fixed. During the subsequent
second stage, we change the orientation of the axis, around which the director field is rotated from the reference profile (blue)
inwards. The video demonstrates how rotating the director field of a |0) profile by 360◦ results in a −|0) profile, regardless
of the chosen axis of rotation. The director deformation between |0) and −|0) profile can therefore be smoothly transformed
between clockwise spiral to anticlockwise spiral. Movie is available upon request.
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Supplementary Movie 2: Nbit rotation by 720◦ is realized in three steps. Step 1: In the first part of the video, the inner red
director field is rotated by 720◦ relative to the outer blue reference profile. The intermediate purple director profile gets rotated
by 360◦ and is in the −|0) configuration. According to Eq. (2) in the Main Text, the red director profile should now have
returned to the |0) configuration, since 720◦ rotation does not change a spinor. We show this explicitly by performing, in steps
2 and 3, a smooth reconfiguration of the director field that produces a homogeneous +1/2 defect director profile, while keeping
the inner red and the outer blue director profiles fixed. Step 2: To achieve such a reconfiguration, we reverse the direction of
the director rotation between the purple and the blue ring in the second part of the video; this process is explained in detail
in Supplementary Movie 1. At the end of part 2, the director field changes from clockwise to anticlockwise rotation as the
radius is increased, leading to a transition from an inner right-handed to the outer left-handed spiral pattern in the phase field.
Step 3: In the third part, the mismatch between clockwise and anticlockwise rotation relaxes into a homogeneous +1/2 director
field profile. Together with Supplementary Movie 1, this example shows explicitly how a rotation of the director field by 360◦
changes the sign of the spinor, whereas a rotation by 720◦ has no effect on the spinor form. Movie is available upon request.
